The existence of a true neuronal consensual pupillary reflex (CPR) in birds has long been debated. In this century Noll (Noll, A. (1915) . Archi6 für Physiologie (Leipzig), 350-372.) claimed to observe a neuronal CPR in a pigeon, but this was contradicted by Levine (Levine, J. (1955) . Science, 122, 699.), who observed a direct transillumination effect (Durchleuchtungs-effekt) due to the retinas of the two eyes of the pigeon being in close apposition. To determine if a neuronal CPR exists, we transected the optic nerves of 28 chicks and observed and videotaped the direct and indirect pupillary responses. Twenty-one of the chicks exhibited no direct response in the operated eye but did exhibit an indirect pupillary response. The non-operated eye showed a direct but no indirect response. These results conclusively demonstrate for the first time that a true neuronal CPR does exist in chickens.
Introduction
Bechterew (1883) noted that in the pigeon each eye possesses an independent reflex arc that runs through the optic nerve, without crossing over, into the ipsilateral half of the central gray substance to the nucleus and stem of the oculomotor nerve on the same side. Between the reflex arcs of both sides there is a connection that allows the reflex of one eye to be communicated to the other. These conclusions were the result of a series of experimental manipulations, which led Bechterew to attribute the CPR in the bird to a neural pathway. There is, however, nothing in Bechterew's work to indicate that he was aware of the possibility of a non-neuronal pathway, i.e. a transillumination effect, in the CPR. Steinach (1890) argued that the consensual pupillary reflex of birds was due to the direct stimulation of light, which he named a 'Durchleuchtungs-effekt' or transillumination effect. That is, when light was shone into one eye, it reached the retina of the other eye due to the close proximity of the two retinas in the head of the bird. Noll (1915) disagreed with Steinach's conclusions. In an experiment on one decerebrate pigeon, whose pupillary reflex pathways were presumably damaged, Noll found that shining light in one eye did not cause a CPR in the other, whereas shining light in the other did cause a CPR in the first. His interpretation was that direct stimulation by light shone in one eye reaching the other retina was ruled out, and therefore an indirect neuronal pathway must cause the CPR.
Lastly, Levine (1955) questioned Noll's results on the grounds that the reflex was irregular, varied in intensity, and independent of the reaction of the pupil of the stimulated eye. He proposed a theory of direct stimulation, which appears to be identical to Steinach's transillumination effect, to account for the consensual reflex, unfortunately without citing Steinach. Similar views were expressed by Schaeffel, Howland & Farkas (1986) .
The present study was designed to resolve this controversy by testing for a CPR in surgically altered juvenile chickens.
Methods
The White Leghorn chicks (Cornell K-strain) used in this experiment were obtained and cared for in accor- The same non-operated eye is illuminated indirectly by shining a penlight into the pupil of the opposite eye, whose optic nerve has been sectioned. Note that the pupil is large and clearly shows the transillumination. It exhibits no pupillary reflex, showing that transillumination cannot induce the pupillary reflex of the fellow eye.(C) Direct illumination of the optic nerve sectioned eye of the same chick. Note that the pupil is large and shows no direct pupillary reflex. (D) The pupil of the same optic-nerve-sectioned eye is illuminated indirectly by shining a penlight into the non-operated eye. Note that the pupil is both transilluminated and constricted, showing a pupillary reflex that must be a true neuronal consensual reflex because: (1) the result of (B) above shows that transillumination cannot induce reflexes in an intact fellow eye; and(2) even were this not so, (C) above shows that a direct pupillary reflex is absent in this eye; therefore the retina of this eye cannot be responsible for the reflex because it cannot transmit information to the brain. dance with the recommendations of the NIH Guide for the Care and Use of Laboratory Animals, NIH publication No. 85-23 and the OPRR Public Health Service Policy on Humane Care and Use of Laboratory Animals (Revised, 1986) . Twenty-eight chicks were raised in a temperature-controlled brooder (339 0.5°C). Ten of these chicks were raised under 12/12 light/dark conditions, and the remaining 18 chicks were raised under constant light as part of another experiment.
At one week of age the optic nerve (ON) of one eye of each chick was transected (half on the left, half on the right side). The chicks were anesthetized with 4 mg/100 g body weight of 2% ketamine (Ketaset, Ft. Dodge Laboratories, Ft. Dodge, IA) and 1 mg/100 g body weight of 0.4% xylazine (Rompun, Miles, Shawnee Mission, KS) injected intramuscularly. The optic nerve was accessed through a superiorally placed incision; the muscle cone was split with fine forceps to expose the optic nerve, which was then cut through. The effectiveness of this surgery in eliminating the direct pupillary reflex was verified using a penlight.
As a control, a sham operation was also performed on the non-transected eyes. The sham operation was performed exactly the same as the procedure described above without cutting the optic nerve. One or two days later, we started to observe and videotaped the direct pupillary response (light in the same eye), and the indirect pupillary response (light in the opposite eye). Light was supplied by a small penlight. We measured the radiation/illumination at the eye from the penlight as 600 mW/m 2 or 1500 lux. The variation in illumination delivered in this manner, as estimated by the standard deviation of repeated measurements on two brands of penlights, was approx. 20%. This measurement was made with a Tektronix J16 Digital photometer and, J6501 and J6502 photocells.
Results
When we shone light into one eye, we could easily see the light in the pupil of the opposite eye, confirming the consensual pupillary response in that eye.
Light in unoperated eye Pupillary constriction (Fig. 1A) Pupillary constriction (Fig. 1D ) (4) A neuronal consensual reflex is responsible (3) An intact pupillary reflex exists in this eye for this pupillary constriction, since it could not be due to transillumination of the operated eye's retina for the reasons given in (1) and (2) above possibility of a direct transillumination effect (Fig. 1B  and D) . None of the operated eyes showed any direct pupillary constriction to the penlight illumination (Fig. 1C) . This was to be expected because the afferent pupillary reflex pathway proceeds via the optic nerve. Twentyone out of 28 chicks did exhibit an indirect pupillary response in that eye (Fig. 1D) . At the end of the experiments, we sacrificed the animals and determined by dissection that all 28 transections were successful.
All non-operated eyes showed a direct pupillary response (Fig. 1A) but no indirect responses to light stimuli (Fig. 1B) . This indicates that the ipsilateral pupillary reflex pathway was intact in these non-operated eyes, and that this pathway was not stimulated by the direct passage of light through the retina and sclera of the operated eye to the retina of the non-operated eye. That is, no transillumination effect was observed.
Seven chicks showed neither a direct nor an indirect pupillary response of the operated eyes. Failure to find the consensual pupillary response in these animals was probably due to the damage to the efferent ciliary nerve during the surgical procedure.
No differences were seen in the reactions of the constant light and 12/12 groups.
Discussion
The belief that birds do not have a neuronal CPR is based in part on the fact that the visual input pathways are almost completely crossed, and the central nervous system only receives pupillary reflex afferents from one, ipsilateral eye (Chard & Gundlach, 1938; Polyak, 1968) . Further plausibility for the lack of a CPR is given by the possibility of a transillumination effect. But the results of our experiments (Table 1) exclude the possibility that this is the cause of consensual pupillary contraction. Fig. 1 shows the steady state appearances of the pupils a few seconds after the stimulus was initiated and while the eyes were still illuminated by the penlight. We could clearly observe the presence or absence of the dynamic constriction of the pupil, and it was impossible to mistake the presence or absence of a pupillary reflex. Additionally, the transillumination of the fellow eye could always be observed.
Twenty-one out of 28 chicks exhibited no direct response in the operated eye but did exhibit an indirect pupillary response in that eye (Fig. 1D) . This shows that, while the afferent pupillary pathway from that eye was destroyed by the cutting of the optic nerve, the efferent pathway was still intact and could be stimulated by illuminating the opposite eye. Moreover, when the ON transected eye was stimulated at the same distance and same illumination level, the transillumination effect could not be induced in the non-operated eye at all. Therefore, our results indicated that there is no transillumination effect at least at the light level we used. Because the transillumination effect was ruled out, this stimulation could only be due to a neuronal connection between the afferent input of the opposite eye and the motor output to the operated eye. These results, taken together, demonstrated that there is a true neuronal consensual pupillary reflex in the chicken.
We did note, as did Levine (1955) , that the indirect pupillary response of chicks is sometimes not as strong as that of humans, and therefore the communication between the two pupillary control systems may not be as effective as in humans or mammals.
The true consensual pupillary reflex we have found in the chick is absent in the owl (Schaeffel & Wagner, 1992) . Indeed, pupillary reflexes and accommodation appear to be just opposite in these two species, as the chicks are believed to have independent accommodation (Schaeffel, Howland & Farkas, 1986) while that of the owls is symmetrical (Schaeffel & Wagner, 1992) .
Another consensual light-mediated response in the avian eye is that of the control of choroidal blood flow in the pigeon (Fitzgerald, Gamlin, Zagvazdin & Reiner, 1996) . Here the bifurcation of the pathway is on the afferent side, where the fibers responsible for the reflex cross over in the optic chiasma and then give rise to two pathways in the suprachiasmatic nucleus, one ipsilateral and one contralateral, both of which pass to the EdingerWestphal nuclei on their respective sides (Reiner, Karten, Gamlin & Erichsen, 1983; Schaeffel, Howland & Farkas, 1986; Reiner, Erichsen, Cabot, Evinger, Fitzgerald & Karten, 1991) . Whether the pathways of the CPR in the chick are identical to these or to the course given by Bechterew (1883) is a topic for future research.
Chicks have been among the most common animal models in vision research. The demonstration of a neuronal CPR indicates that the two eyes of chicks are not totally independent and suggests that there may be other neuronal pathways between them mediating their response to environmental stimuli. Therefore this novel finding is critical for understanding the visual system of the chick.
